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Abstract
The Toxic Substances Control Act (TSCA) is the central form of chemical regulation existent in
the United States today, yet scientists are often unaware or uncertain of its provisions. Violations of
TSCA by unknowing chemists set industry and government unnecessarily at odds. A lecture on TSCA was
developed for undergraduate students that uses the concept of green chemistry to promote interest
and incentivize learning. Green chemistry methods are cleaner and less wasteful than traditional
chemical ones, and many companies using them are at the forefront of technological innovation. The
lecture explains both green chemistry and TSCA, includes company case studies, and can be integrated
into an existing chemical course. This thesis first outlines the major components of TSCA, focusing on
how it affects green chemistry-associated technologies, then describes the lecture and assesses the
results of its presentation to students. The lecture was shown to be an effective means of teaching
students about TSCA and inciting interest in TSCA and green chemistry, though further research is
needed to determine whether it is significantly more successful than existing teaching methods. The
information and results presented in this thesis give guidance to educators on ways to incorporate
instruction on chemical safety into the undergraduate curriculum.
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Why teach TSCA?
Among the many regulations that may apply to chemical manufacturers, the requirement that the
substances they make be reported for inclusion on a national chemicals inventory under the Toxic
Substances Control Act of 1976 (TSCA) stands out as one of the most wide-ranging. TSCA is a national
law, rather than a state one, and so covers all producers in the United States. In addition, it applies to all
chemicals manufactured or imported for commercial purposes in the U.S., not just those sold as the final
product, meaning reactants, intermediates, byproducts, and various other substances also need to be
included on the TSCA Chemical Substances Inventory (“the Inventory”)1; over 84,000 chemical
compounds appear on the Inventory to date2. Though heavy fines accompany a failure to properly
report information on a chemical, TSCA violations remain recurrent in industry. A main contributor to
this is a lack of awareness or understanding of processes for performing safer chemistry, such as
determining the presence of hazardous byproducts in a reaction and reporting them to TSCA, among
new graduates entering the chemical job market. Research into ways of effectively conveying
information on TSCA to chemists before they begin their future jobs is needed to produce a more
hazard-conscious chemical workforce. This thesis develops a lecture, designed for incorporation into an
undergraduate course, which uses the concept of green chemistry to contextualize TSCA.
Currently, there is no specific requirement that an American Chemical Society-accredited (ACS)
university chemistry program include instruction on TSCA. Several student skills whose development is
listed as key to employability in the ACS Guidelines for Bachelor’s Degree Programs, however, are
increased by TSCA knowledge. These are qualities that go beyond academic and laboratory knowledge
of chemistry: skills relating to laboratory safety, ethics, communication, managing chemical literature
and information, problem-solving, and teamwork are all encompassed.3 A strong understanding of TSCA
directly contributes to improved laboratory safety skills, as students become capable of recognizing the
scenarios where it is necessary to report the chemical they have made to the U.S. Environmental
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Protection Agency (EPA) and learn the importance of recording information beyond simple identification
about a chemical produced (ex. the extent to which exposure occurs). TSCA understanding also raises
awareness of the ethics of chemistry by getting students to grasp the concept of having a responsibility
to inform the government and the public of the chemicals they produce. Experience dealing with TSCA
can develop communication skills through teaching students to clearly fill out written legal reports on
chemical compounds. In addition, the need to search through chemical literature to see if a compound
has been produced previously and is considered to be already on the TSCA Inventory improves student
ability to find and understand relevant technical articles. Problem-solving skills may also be boosted, as
students learn to try to design syntheses that minimize generation of extraneous compounds which
require TSCA reportage, such as isolated intermediates or byproducts, in order to increase efficiency and
decrease paperwork. Knowledge of TSCA is encouraged by ACS requirements, if not specifically
demanded, since it raises the skill set of a graduating chemist in areas marked by the ACS Committee on
Professional Training as important to successful future employment.
Training in chemical safety in particular has been highlighted by the chemical industry as a factor
they would like to see improvement in among new hires. Manufacturers’ desires are of high importance
given that a substantial majority (62%) of new Bachelor of Science chemistry graduates search for
employment directly after graduation, rather than going on to higher education, and that most chemists
(53%) are employed by industry, according to the most recent ACS “New Graduates in Chemistry”
survey, conducted on students who graduated in 2013.4 Within the chemical industry, there is a specific
focus on a “culture of safety.” Safety skills, including conducting hazard analyses and filing reports of
new chemicals produced, are highly valued by companies.5,6 Occupational safety has been shown to
have a clear positive correlation to industrial productivity; poor safety standards create more rework
and waste material, and employees are more likely to be absent or unable to perform their job due to
work-related injuries.7,8 In addition, companies that are aware of and follow legally required safety

5
procedures, such as reporting to TSCA, benefit financially by being spared crippling government fines. As
a chilling reminder of the consequences of a TSCA violation, Elementis Chromium, one of the biggest
producers of hexavalent chromium compounds worldwide, was fined nearly $2.6 million by the
Environmental Protection Agency in 2013 for failing to report new information the company had
received on the risk of injury and mortality associated with its products.9 Yet the chemical industry’s
focus on safety is “often a surprise”10 to employees newly graduated from universities. The recent
students fail to value safety at the level required by companies and lack awareness of the proper
procedures.
At the core of new graduates’ inexperience with risk-mitigation practices, as reported by a special
ACS task force on safety culture in 2012, is a lack of emphasis on safety as a critical component of
chemical education in academic institutions. Unlike industry, the academic sector does not face strong
financial incentives to follow rigorous hazard protocols. Academics also do not experience the high level
of public scrutiny that governmental organizations undergo.10 While safety standards for laboratories
which include those at educational institutions have been established by the U.S. Occupational Safety
and Health Administration (OSHA), these do not apply to students and are generally less stringent than
those that cover areas where chemicals are commercially produced.11 There is, therefore, a much lower
incentive for universities to invest time and money in developing and teaching safety procedures, shown
in the surprise expressed at the high level of industry safety standards by new employees who
previously worked in academic research laboratories12. In addition, the TSCA reporting exemption for
chemicals used in research and development, the main usage of chemicals at universities, means that
students are unlikely to encounter a need to fulfill TSCA requirements as part of their regular academic
careers.11 Depending on the laboratory they perform research in, students may be asked to complete a
training course through an office of environmental health and safety (EHS).12 Other than this brief
supplement, undergraduate chemistry programs rarely contain classwork related to toxicology and
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environmental hazards or teaching that formalizes the concept of chemical safety.13 A notable exception
is the University of Massachusetts at Lowell, which requires all B.S.-desiring chemistry students to take a
course, entitled “The Responsible Chemist,” that covers ethical, regulatory, and environmental aspects
of chemistry, including TSCA.14 The University of California at Berkeley is another pioneer in improving
student awareness of hazard mitigation in chemistry; a class developed by their Center for Green
Chemistry addresses minimizing exposure to compounds, legal regulations such as TSCA, and methods
of determining chemical toxicity. Thus far, however, this class and similar endeavors by UC Berkeley
have been applied only to the graduate level.15 The lack of an undergraduate course addressing the use
of TSCA in chemistry in most universities has seriously contributed to the failure to understand chemical
safety procedures seen in undergraduates entering industry.
Teaching TSCA to undergraduates in conjunction with the concept of green chemistry introduces in
one go multiple important chemical safety skills that industry and government worry future chemists are
lacking in. Green chemistry, defined by the EPA as “the design of chemical products and processes that
reduce or eliminate the use or generation of hazardous substances,”16 is a means of performing
chemistry with less waste production and a lowering of risk of harm. It is strongly supported by the EPA,
as shown by the EPA’s sponsorship of the Presidential Green Chemistry Challenge (PGCC) awards
program, which encourages scientists from industrial companies, academic institutions, and government
organizations to compete to develop new technologies that incorporate green chemistry principles.17
The improvements in workplace safety, reduction in costs (estimated to be $65.5 billion by 2020 for
industry18), ability to be ahead of the curve on adjusting products to fit new risk regulations, and novel
ideas and technologies associated with green chemistry have led to training in this area being
increasingly valued by companies.19 Green chemistry has yet to successfully penetrate the market,
however, with a lack of awareness stemming from failure to address it in the educational curriculum
cited as one of the greatest barriers.20,21 Even given that students do encounter instruction on green

7
chemistry, a precursor to being able to fully incorporate the methodology in processes is the ability to
identify areas where there is a high need for it. This is where TSCA comes in. TSCA teaches students to
assess the exposure risk and reporting requirements associated with a chemical and may also call for
determination of toxic effects, as green chemistry teaches them to think of ways to minimize these
hazards. Taken together, classwork on the two subjects fills an educational gap to vastly expand a
graduating chemist’s ability to become an active member of industry’s “culture of safety”5 and
contribute to achieving the hazardous material-free environment called for by the EPA.
Combining green chemistry with TSCA instruction may also benefit undergraduate learning and
information retention by increasing interest among students in studying TSCA and making the
complexity of its criteria easier to grasp. A class on governmental chemical policy and regulation may
seem boring to students or something that contains information they believe they will never need to
personally use. Connecting lengthy legislation with a fresh, innovation-inspiring subject like green
chemistry is a way of getting students to become intrigued by what they are learning. A focus on the
practical applications of TSCA to green chemistry processes draws direct connections between the class
material and types of chemistry students may be carrying out in future jobs. TSCA’s relevance can be
further emphasized by showing how identifying the extent to which a chemical is isolated and
determining possible hazardous effects, the first of which is a key component of a TSCA report on a
compound1 and the second information that may be requested by the EPA on submission of the initial
report22, provide a base set of knowledge of a reaction process that allows a safer version to be
designed. In addition, specific case studies involving companies using newly developed green chemistry
technologies provide students with examples they can readily draw on as memory triggers for TSCA
details. Green chemistry can make TSCA appear a more interesting concept to students, help them more
clearly directly correlate TSCA with their own chemistry work, and make TSCA easier to understand and
apply.
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In this thesis, I develop a lecture that teaches undergraduates the concept of TSCA by relating it to
green chemistry, with the aim of better achieving the educational improvement in chemical safety
awareness called for above. The first section provides background information on TSCA. The
requirements of TSCA are outlined, with particular attention given to parts which pertain specifically to
biomass and biotechnology, since substances related to these are often used in green chemistry
techniques. A set of case studies follows, which demonstrate the practical application of TSCA to some
of the situations a company producing bio-based chemicals can find itself in. Based on the chemistry of
the manufacturing process, specific notification requirements are suggested in each case study. The
second section addresses the design and delivery of the lecture itself. A description of the contents of
the lecture and the concept behind each part is given. Details on the “test run” of the lecture follow. The
lecture was delivered as part of an existing chemistry course and an exit survey given to students
directly afterwards. Information on the class, number of students, and their years and majors is given.
The contents and results of the survey are then presented, with an analysis of their implications for the
lecture’s effectiveness. To conclude the thesis, the importance of teaching TSCA is revisited, the
flexibility of the lecture module introduced here is discussed, and suggestions are made for future
improvements and directions.

SECTION 1: The Background
The Toxic Substances Control Act
Under the Toxic Substances Control Act of 1976, all chemicals manufactured or imported for
commercial purposes in the United States are required to be on the TSCA Chemical Substances
Inventory (“the Inventory”) or be subject to one of the TSCA exemptions, such as the exemption for
substances produced in small quantities solely for research and development.23 Inclusion on the TSCA
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Inventory does not imply either low or high toxicity; its purpose is simply to identify and catalogue any
chemicals present in U.S. commerce, i.e. produced, used, or imported in the U.S.24 TSCA specifically
excludes uses of chemicals which are regulated by other federal statutes. For example, foods, food
additives, drugs, cosmetics, and tobacco and tobacco products are regulated by the U.S. Food and Drug
Administration (FDA). Pesticides are regulated by the U.S. Environmental Protection Agency (EPA) under
the Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA). A substance may be regulated by
multiple statutes depending on how it is to be used. The Inventory itself is used to identify which
substances are allowed in commerce and to give the public access to accurate information on chemical
substances used in commercial applications in the U.S.25
TSCA divides up chemicals into two basic categories for the purposes of reporting: those that are
listed on the Inventory, or “existing” chemicals, and those that are not, or “new” chemicals.2 New
chemicals require that a company submit a Premanufacture Notice (PMN) 90 days before chemical
manufacture or import into the U.S. The EPA reviews new chemicals to see if they may present
unreasonable risk to human health and the environment and can regulate a new chemical prior to its
entering commerce.26 Existing chemicals are subject to other requirements, including chemical data
reporting (CDR), and, in some cases, test rules and significant new use rules (SNUR).23 The way that
chemicals are identified on the Inventory therefore becomes very important in determining a company’s
reporting requirements.

Chemical substance classification
TSCA defines a chemical substance as “any organic or inorganic substance of a particular
molecular identity, including – i) any combination of such substances occurring in whole or in part as a
result of a chemical reaction or occurring in nature and ii) any element or uncombined radical.”27 While
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this definition may at first seem broad, its scope is further narrowed by a list of excluded substances.
Naturally occurring materials (isolated from nature solely by physical means) are automatically included
on the Inventory, so do not require new chemicals reporting. Products of incidental reactions, products
of end-use reactions, mixtures, impurities, byproducts, substances manufactured solely for export, nonisolated intermediates, and substances that are entirely contained in an imported article are also
generally not subject to new chemicals reporting.28
Non-exempt substances are classified into one of two categories of chemical substances: Class I
and Class II. Class I encompasses substances that have a “complete, specific structural diagram.”26 For
example, acetophenone (“Ethanone, 1-phenyl-; CAS registry number 98-86-2”29) would be considered a
Class I substance.
Class II covers all substances which do not fulfill the requirements for Class I, that is, chemical
compounds which “cannot be fully represented by a complete, specific structural diagram.”26 This
includes substances such as xylenes (“Benzene, dimethyl-; CAS registry number 1330-20-7”29), which
have definite molecular formulae but variable structural diagrams (i.e. the ortho-, meta-, and pararegioisomers); those such as aluminum cerium nickel sulfide (AlCe3NiS7), which have definite molecular
formulae but unknown structural diagrams; and substances that have no definite molecular formulae
and can be described by either a partial structural diagram or no diagram at all , such as lignin (CAS
registry number 9005-53-230). Compounds which fall into the latter subgroup are known as UVCB
substances (chemical substances of Unknown or Variable composition, Complex reaction products, and
Biological materials).31
Polymers may in some sense be considered an exception to the rules that define these
categories, since they can be categorized as either Class I or Class II despite the fact that they do not
have a definite chemical structure. A polymer is defined under TSCA as “a substance composed of
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molecules characterized by the regular or irregular repetition of one or more types of identical
monomeric units”32 and its resulting inventory listing refers to a group of substances that may vary in
both molecular weight and composition (in terms of monomer proportion). Yet, if a polymer consisted
only of Class I monomers, it was originally considered a Class I substance. It was use of any Class II
substance in production that caused a polymer to be considered a Class II molecule.32 Distinguishing
between Class I and Class II polymers was found to be of little help in differentiating chemical
substances for the Inventory, however, and so polymers are currently treated as an entirely separate
category requiring their own specific identification information.33

Exemptions to TSCA reporting requirements
As mentioned above, the TSCA definition of a chemical substance has reporting exemptions
attached to it. The first of these which will be discussed is the exemption for impurities and byproducts
of a reaction. Impurities are considered to be chemical substances that are “unintentionally present”26
in the desired product. While it is necessary to report the existence of impurities when reporting the
final product, separate reporting of the impurities as individual chemical substances is not required. The
same rule applies to reaction byproducts, as long as they are either not used at all for commercial
purposes or their only use is to be 1) burned as a fuel, 2) disposed of as waste (including in a landfill or
as fertilizer), or 3) used for extraction of component chemical substances intended for commercial use
(extracted components are subject to reporting, though). Byproducts used in a separate commercial
application other than the three previously listed are not exempt; if the byproduct is not already on the
Inventory, the manufacturer is required to notify the EPA prior to manufacturing or importing it.
Also exempt are chemicals which may be formed in the course of a reaction which are not
impurities or byproducts. This includes chemicals formed incidentally as a result of exposure to other
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chemicals during the target reaction; chemicals formed when manufacturing an article for the market
(ex. during the process of rubber molding) if there is no further change to the chemical substance; and
chemicals formed incidentally due to the use of certain additives (ex. a buffer). If these chemicals are
considered to not have been produced for commercial purposes and to be unnecessary to the successful
function or structure of the desired substance, they are exempted from TSCA reporting.
Intermediates in chemical reactions are subject to reporting requirements depending on the
extent of their isolation. In general, intermediates are defined as chemicals that are either used up
(partially or totally) in the reaction process or are present for the purpose of affecting the rate of the
reactions. If the intermediate is never intentionally removed from the vessel it is manufactured in and is
held only temporarily in that vessel for some purpose relating to the reaction rather than for storage, it
is considered to be non-isolated and therefore is exempt from reporting. An intermediate that is
removed from its manufacturing vessel or held with the intent of storage is not exempt, however, as this
behavior is defined as resulting in isolation of the intermediate.
A mixture, considered to be a combination of two or more chemical substances that does not
occur in nature and is not formed from a chemical reaction, falls outside the TSCA definition of a
chemical substance and so is excluded from reporting requirements. The term “mixture” also
encompasses combinations formed by a chemical reaction so long as the same substance could have
been made with no chemical reaction (i.e. through physical techniques such as pressing or chopping),
and includes hydrates (chemical substances associated with water). The exclusion does not apply to the
individual substances which the mixture consists of, however; these substances are considered
chemicals and thus are subject to reporting requirements.26
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TSCA as it applies to bio-based chemicals
Specific policies apply Inventory rules to substances related to biotechnology, including biomass,
microorganisms, and products sourced from them. These policies can be alternately much more or less
exacting than those pertaining to non-bio-related chemicals. Below, three of the key components of
TSCA most relevant to biomass and biotechnology are discussed: the naming of carbon chains by sourcebased representations, the regulations concerning microorganisms, and the current and proposed new
naming system for enzymes.

Carbon-chain nomenclature systems
Chemical substances containing carbon chains are described on the Inventory through one of
four different naming systems: CX-Y notation, the Soap and Detergent Manufacturers Association (SDA)
notation, the EPA-American Petroleum Institute (API) petroleum process stream notation, and natural
source-based notation. The last naming system is the one of most interest to those using biomass as a
production feedstock, as it utilizes identities based entirely on the natural source of chemicals.
Generally, carbon chains are named using the CX-Y notation for alkyl ranges, whereby the
relevant factors defining a chemical are the length of carbon chains included in the range (X for the
number of carbons in the shortest chain, Y for the longest).34 For example, “Alkanes, C4-12; CAS registry
number 68333-81-3.”29 If certain conditions apply, however, one of the remaining three nomenclature
methods is used.
Descriptions based on the SDA nomenclature system apply to derivatives of natural fats and oils
and their synthetic equivalents that are listed in SDA procedures. This includes the alkyl range of a
substance and a description of its functionality and its salt.34 For example,
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“Amines, di-C14-18-alkyl; CAS registry number 68037-98-9.
This substance is identified by SDA Substance Name: C14-C18, dialkyl amine and
SDA Reporting Number: 17-042-00. Consult SDA Substance Identification
Procedure.”29
SDA names specifically do not identify the source of the carbon chain so as to give
manufacturers some freedom to change the feedstock they use to make their product, as long as the
feedstock is derived from one of the plant sources identified in the SDA procedure or from petroleum.34
This is in contrast to EPA-API petroleum process stream names, which represent substances
manufactured in petroleum refineries (process streams) by both source and means of production.34 For
example,
“Residues (petroleum), hydrodesulfurized vacuum; CAS registry number 6474285-4.
A complex combination of hydrocarbons obtained by treating a vacuum
residuum with hydrogen in the presence of a catalyst under conditions primarily
to remove organic sulfur compounds. It consists of hydrocarbons having carbon
numbers predominantly greater than C34 and boiling above approximately 495°C
(923°F).”35
Here the variability of the substances is reflected in the term “predominant,” since it is difficult,
if not impossible, to fully identify the composition of petroleum process streams.34
Natural source nomenclature, the last method of naming carbon chains, applies to substances
that come from a single animal or plant source and describes them by referring to the source’s common
name.34 For example,
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“Soybean oil; CAS registry number 8001-22-7.
Extractives and their physically modified derivatives. It consists primarily of the
glycerides of the fatty acids linoleic, oleic, palmitic and stearic. (Soja hispida).”29
Inclusion of the natural source in the identity means that a substance which has an identical
chemical composition to one already on the Inventory is not considered equivalent if the two are
derived from different sources. Different TSCA identities may also be assigned to two substances from
the same source if one is processed to increase or decrease the carbon chain length beyond the range
typically found in nature. In this case, a new identity is created that includes both the source name and
the processing reaction.34 For example,
“Soybean oil, winterized; CAS registry number 68918-03-6.
The complex liquid combination obtained by chilling soybean oil or hydrogenated
soybean oil and separating off the liquid oil. Contains primarily triglycerides.”29
As producers of chemicals derived from natural sources, manufacturers which use biomass must
pay close attention to the nuances of natural source descriptors.

Microorganism regulation
Another TSCA policy that applies to biotechnology and biomass-based production is the set of
regulations on microorganisms. Microorganisms used for TSCA purposes (i.e. for production of industrial
chemicals, as opposed to, for example, therapeutic uses) are considered chemical substances, and thus
subject to TSCA regulation. Microorganisms that are entirely unmodified or modified only by some
means which does not involve a chemical reaction or change in genetic makeup are considered naturally
occurring and are thus excluded from reporting requirements. If a microorganism has been modified
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using genes from a genus different than its own, the resulting microorganism is considered not naturally
occurring and therefore requires notification as a “new” substance under TSCA via a Microbial
Commercial Activity Notice (MCAN). The EPA considers it likely that an intergeneric microorganism may
exhibit characteristics which differ widely from the unmodified microorganism. The inclusion on the
Inventory of microorganisms which have undergone only intrageneric modification is, however,
considered to be implied (assuming the original microorganism is present). Of course, if a specific
intergeneric strain has already been listed on the Inventory there is no need to report it as “new”
again.36,37
Any genetically modified life forms higher than microorganisms, i.e. plants or animals, are
currently regulated through federal statutes other than TSCA. For example, if the genetically modified
organism (GMO) is used as a pesticide, FIFRA applies; if it is used in products such as food, cosmetics, or
dietary supplements, the relevant legislation is the Federal Food, Drug, and Cosmetics Act (FFDCA).
Genetically modified plants in general are regulated by the United States Department of Agriculture’s
Animal and Plant Health Inspection Service (APHIS) under the Plant Protection Act (PPA).
The application of TSCA to genetically engineered microorganisms is supported by the decision
of the United States Supreme Court in the 1980 case Diamond v. Chakrabarty, which ruled that such
organisms are, like chemical compounds, patentable.38

Enzyme regulation
TSCA regulations that pertain to substances sourced from biomass and biotechnology are least
specific when addressing enzymes. The initial version of TSCA passed in 1977 did not provide any
guidance as to how enzymes should be defined when reporting production. This has led to the
formation of broad Inventory definitions, with some listings used to identify entire categories of
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enzymes rather than individual molecules.39 For example, “Proteinase, CAS registry number 9001-92729” refers to any enzymes that degrade proteins by hydrolyzing peptide bonds. The identities are
generally based on the catalytic activity (function) of an enzyme rather than its structure, source, or
molecular formula. As enzymes with entirely different compositions produced from various organisms
may have identical functions, it is difficult to differentiate between existing enzymes and newly
developed ones.40
To address this, the EPA has been working on developing new rules for enzyme nomenclature,
with the aim of having each enzyme be identified individually on the Inventory. Individual identification,
however, is more complex for enzymes than it is for other chemical compounds. A certain level of
variation (due to differences in the encoding genes) can be present even in enzymes that have the same
three-dimensional structure and catalytic activity, making it impractical to use a full amino acid structure
as a basis for enzymatic differentiation.39 An Advanced Notice of Proposed Rulemaking (ANPR) was
issued by the EPA in 2004, suggesting a nomenclature system based on information concerning an
enzyme’s function, amino acid sequence, source, and processing. The level of detail that would be
required is similar to that provided in listings identifying UVCB substances, such as plant-based oils and
process streams.40
The agency has not yet addressed comments received on the ANPR to evolve a corresponding
new system of rules. At present, the generic function-based nomenclature methods originating in 1977
are still used.39
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Biomass and Biotechnology Case Studies
Manufacturing Class I chemicals listed on the Inventory; no microorganisms used
Renmatix
Renmatix, a Pennsylvania-based company, produces sugars from cellulosic biomass through
supercritical hydrolysis in a proprietary procedure called the PlantroseTM process. Rather than breaking
down the biomass via use of enzymes, acid, or gas, Renmatix uses only supercritical water for
deconstruction. The biomass is first fractionated and its cellulose- and lignin-containing components are
separated. The hemicellulose is hydrolyzed and the resulting five-carbon (C5) sugar stream is collected;
supercritical water is then used to hydrolyze the cellulose to produce six-carbon (C6) sugar. The lignin
fraction is collected and burned as fuel to help power the process.41,42 Renmatix uses this method to
commercially produce the C5 sugar xylose and the C6 sugar glucose, trademarked as PlantroTM sugars.43
Xylose and glucose are already listed on the TSCA Chemical Inventory29 and, because they are
Class I substances, a change in the method of production does not change their identity. As such, it is
not necessary for Renmatix to submit PMNs for their sugars. The byproduct of the reaction is burned, a
use exempt from reporting under TSCA, and no enzymes or microorganisms are used in the process.
What is not clear, however, is if the initial biomass fractions are isolated intermediates and, if so,
whether they are listed on the Inventory. Such details are often proprietary and are not in the public
domain. Renmatix therefore may be required to submit a PMN for its biomass fractions, if they are
indeed isolated during the manufacturing process and are not otherwise listed on the Inventory.
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Figure 1: Renmatix’s PlantroseTM process

Figure 2: Hydrolysis of hemicellulose (example)

Figure 3: Supercritical hydrolysis of cellulose (example)
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Virent
Wisconsin-based Virent, in partnership with The Coca Cola Company, is using chemical catalysis
to produce para-xylene from biomass-derived sugars.44 The company’s proprietary catalytic process is
trademarked as the BioForming® platform. Sugars are first transformed into oxygenated hydrocarbons
with a lower oxygen content through technology known as Aqueous Phase Reforming (APR). Specifically,
APR involves reduction of the biomass to a water-soluble carbohydrate via hydrotreating
(hydrogenation or hydrogenolysis); introduction of the reduced carbohydrate into the BioForming®
reactor with water; catalytic hydrogenation of the aqueous feedstock; and its subsequent conversion to
a combination of water, hydrogen, fuel gas, and oxygenated hydrocarbons (intermediate chemicals).45
Reforming to produce hydrogen, dehydrogenation of alcohols and hydrogenation of carbonyls,
deoxygenation of reactions, hydrogenolysis, and cyclization are all reactions used in APR to decrease the
amount of oxygen in the feedstock. The APR process is followed by use of a modified heterogeneous
metal acid condensation catalyst (ZSM-5), similar to catalytic methods used in standard petroleum oil
refineries, to produce a stream of chemicals resembling a petroleum process stream. Overall, the
oxygenated hydrocarbon intermediates are turned into non-oxygenated hydrocarbons. The stream,
trademarked BioFormate®, can undergo further treatment to generate para-xylene. The BioForming®
platform is a continuous rather than a batch process, so chemical compounds generated in the steps
between the introduction of the aqueous carbohydrate solution to the BioForming® reactor and the
final conversion to para-xylene are not isolated.44 Byproducts of the APR process are, however,
separated and collected for further use. Hydrogen is recycled in the system to be used in APR steps such
as hydrotreating, unreacted light alcohols (methanol and ethanol) are also recycled for re-entry into the
BioForming® reactor, and any non-condensable gases generated (such as methane and ethane) may be
used to provide heat energy for the process.44,46
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Para-xylene is a Class I chemical listed on the Inventory (“Benzene, 1,4-dimethyl-; CAS registry
number 106-42-3”).29 Virent’s production of para-xylene by a novel process using biomass as a feedstock
rather than petroleum therefore does not change the product’s identity. The manufacturing process is
continuous, so intermediate chemicals are likely not removed from the reactors or held for storage and
are therefore not considered isolated. Byproducts burned to power the reaction are exempted from
TSCA reporting requirements. While hydrogen, methanol, and ethanol, additional byproducts, are used
in further reactions and so do not qualify for a TSCA byproduct exemption, these chemicals are already
listed on the Inventory29 and so do not need to be reported. No microorganisms are used in the
BioForming® process. Taking into account the presence of Virent’s product on the Inventory, the lack of
isolated intermediates or microorganisms, the use of byproducts for non-TSCA-regulated purposes and
the presence of byproducts on the Inventory, it appears that Virent must submit neither a PMN nor a
MCAN for this process.

Figure 4: Virent’s BioForming® process
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Figure 5: Reactants and products of V
Virent’s
irent’s Aqueous Phase Reforming (APR) technology

Figure 6: Gas chromatograph comparison of Virent’s BioFormate® with a petroleum reformate stream
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Manufacturing Class I chemicals listed on the Inventory; non-engineered microorganisms used
ZeaChem
ZeaChem, headquartered in Colorado, utilizes the natural fermentation pathway of
homoacetogenic bacteria to produce fuels and chemicals, mainly those involving a C2 carbon chain:
acetic acid, ethanol, and ethyl acetate. The fermentation process uses a non-genetically-modified
acetogen, a bacterial species that is able to simultaneously ferment C5 and C6 sugars,47 produces no
carbon dioxide, and can convert all of the carbon feedstock48. After the biomass feedstock is
fractionated, the resulting sugar streams are digested by the acetogen to produce acetic acid. The acetic
acid can then be converted to other molecules through conventional chemistry methods (ex. conversion
to an ester followed by reaction with hydrogen to make ethanol). Residual lignin from biomass
fractionation is gasified to generate a hydrogen-rich syngas stream; the hydrogen is separated and used
in ester hydrogenation, while the remainder of the syngas is burned to provide energy to fuel the overall
procedure.47
The final products made by ZeaChem are already listed on the TSCA Chemical Inventory as Class
I molecules.29 ZeaChem does use microorganisms in production, but they are not genetically modified
and so are likely considered to be naturally occurring. The syngas stream generated from the lignin
residue may be considered an isolated intermediate, as it appears to be produced in a vessel separate
from the rest of the reaction process. Whether this is truly the case is not certain, however; the
procedure may be a continuous process, in which case the syngas would not be isolated and therefore
not require notification. If the syngas mixture is already listed on the Inventory, it would also be
excluded from reporting, even if it were isolated. More information on the process and syngas
composition is required to clarify the TSCA status of the syngas stream. The hydrogen byproduct
eventually produced from the syngas is a Class I chemical already listed on the Inventory. The remaining
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syngas byproduct is burned as fuel, a byproduct use that is exempted from reporting requirements
under TSCA. The end result is that it appears that ZeaChem is not required to submit PMNs for the
chemicals it produces, a MCAN for its microorganisms, nor PMNs for its reaction byproducts, but may
need to submit a PMN for the intermediate syngas stream generated from the lignin residue.

Figure 7: ZeaChem’s biorefinery process and downstream conversion possibilities

Figure 8: Block
Block-flow diagram of ZeaChem’s biorefinery process
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Fermentation: Glucose  3 Acetic Acid
Esterification: 3 Acetic Acid + 3 Ethanol  3 Ethyl Acetate + 3 Water
Hydrogenation: 3 Ethyl Acetate + 6 Hydrogen  6 Ethanol
Overall: Glucose + 6 Hydrogen  3 Ethanol + 3 Water
Figure 9: Production of ethanol through ZeaChem’s process

Manufacturing Class I chemicals listed on the Inventory; engineered intrageneric microorganisms used
BioAmber
BioAmber, currently building a commercial production plant in Canada,49 has used an
Escherichia coli (E. coli) strain as a biocatalyst to produce succinic acid from biomass in its demonstration
facility. The particular strain used, E. coli AFP184, is licensed from the U.S. Department of Energy (DOE).
The strain was developed using the naturally occurring succinate producer E. coli K12 as the host
organism and by performing modifications involving genes already existent within the genus Escherichia.
Specifically, mutations were introduced into the strain E. coli K12 C600 so that it produces more
succinate, forms minimal byproducts, and allows high anaerobic metabolism of glucose. While the
successful genetic modifications that led to the new strain (called E. coli AFP 184) had been developed
by the DOE, it was BioAmber who first used the strain outside of laboratory research and who
developed a method of recovering and purifying the fermentation products.50 BioAmber’s overall
production process involves growing the E. coli culture aerobically until an optimum physiological state
is reached, transferring the cells to an anaerobic bioconversion fermentor, feeding them with carbon
dioxide and a proprietary medium containing various nutrients51, and isolating and purifying the product
so as to create crystals of succinic acid.50 Further processing can be done to derive additional
compounds from the succinic acid;50 in the future, BioAmber is planning on focusing on production of
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1,4-butanediol (BDO)49. BioAmber is currently working to improve its manufacturing process by
collaborating with Cargill, Inc. to develop a yeast strain genetically engineered for succinic acid
production,52 involving intergeneric modifications51. Cargill’s yeast is the strain BioAmber intends to use
in its commercial production plant. Thus far, however, BioAmber has relied on fermentation by E. coli
AFP 184.52
Succinic acid and BDO are Class I chemicals already listed on the TSCA Chemical Inventory.29
Reaction byproducts may or may not already be on the Inventory; if not, and they are recycled by
BioAmber for further production of chemicals rather than disposed of as waste, reporting is required
under TSCA. Unlike the companies mentioned previously, BioAmber uses a microorganism that has
undergone genetic engineering in its process. While BioAmber was not the original developer of the
strain, the company is the first to use the microorganism for a commercial purpose and thus is
responsible for its reporting under TSCA. Since all genetic modifications performed involved genes
known to occur within the genus of the recipient microorganism, BioAmber’s E. coli strain is not
intergeneric and therefore likely considered naturally occurring for purposes of the TSCA Inventory. The
yeast strain BioAmber is working with Cargill on developing, however, does constitute a new substance,
since intergeneric modifications are used in the microorganism’s creation. In sum, based on its current
process, it appears that BioAmber is not required to submit either PMNs for its products or a MCAN for
its microorganism, despite the company’s use of genetic modifications, but may need to submit PMNs
for its reaction byproducts if they are not present on the Inventory and are used in further chemical
reactions, and will in future need to submit an MCAN for its Cargill yeast.
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Figure 10: BioAmber’s
mber’s succinic acid process compared to traditional production from petroleum

Figure 11: Possible downstream products from BioAmber’s succinic acid
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Figure 12: BioAmber’s commercial production plant in Sarnia, Ontario, Canada

Manufacturing Class I Chemicals listed on the Inventory: engineered intergeneric microorganisms used
Genomatica
Genomatica, based in San Diego, CA, produces 1,4-butanediol (BDO) in a single-unit
fermentation operation by a strain of E. coli engineered using enzymes from other organisms. The
company identified pathways within various genera by which natural metabolic intermediates could be
used in the synthesis of BDO. Two such pathways, derived from different organisms and utilizing succinyl
CoA and α-ketoglutarate as their respective starting materials, were introduced into an E. coli host and
further optimized to enhance anaerobic growth and associated BDO production. The resulting
biosynthetic path is as follows: Genomatica feeds sugar to its E. coli strain; the sugar is transformed into
metabolites by glycolysis and the tricarboxylic acid (TCA) cycle; the metabolites feed into a pathway of
enzymes built by Genomatica; BDO is formed as a result of metabolite passage through the pathway.
Isolation of BDO is then carried out through cell separation, salt separation, and water removal,
followed by distillation to purify the product.53
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As mentioned previously, BDO is a Class I chemical already listed on the TSCA Chemical
Inventory. The microorganism Genomatica uses to produce BDO, however, is considered new due to the
use of intergeneric modification. Genomatica therefore must submit a MCAN describing its engineered
microorganisms, though a PMN for BDO is not necessary.

Figure 13: A Genomatica-built pathway engineered into E. coli for BDO production

Figure 14: Genomatica’s fermentation broth

Figure 15: Fermentation reactors in Genomatica’s laboratory
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Manufacturing Class I chemicals listed and unlisted on the Inventory; engineered intergeneric
microorganisms used.
Amyris
The novelty of California-based Amyris lies in the company’s use of yeast fermentation to
produce a long-chain branched hydrocarbon molecule rather than the alcohols the yeast would normally
generate.54 The hydrocarbon, trans-β-farnesene (henceforth referred to as farnesene),55 is produced in
nature by several plants and insects, but only in very small amounts, making it impractical to extract and
purify the naturally occurring compound for commercial use. Amyris has re-engineered ethanolproducing baker’s yeast (Saccharomyces cerevisiae) to make farnesene by fermentation, branding the
resulting molecule Biofene®. Catalytic hydrogenation can be used to convert farnesene into a fuel
molecule, farnesane, called Amyris Diesel. Development of the yeast strains used in manufacturing
involved addition of the plant enzyme farnesene synthase to a wild-type yeast as well as alteration of
many genes.54 The waste from the fermentation operation undergoes anaerobic digestion, with the
leftover sugars then used in production of biogas. Steam-methane reformation transforms the biogas
into hydrogen.56
Trans-β-farnesene, a Class I chemical with a definite molecular formula and structure, has been
used commercially prior to its manufacture by Amyris and is listed on the Inventory.57 The farnesane
produced from farnesene, however, is not on the Inventory.58 Farnesane thus constitutes a new
chemical under TSCA. Reaction waste is used for further chemical production, meaning any component
substances not listed on the Inventory need to be reported. The hydrogen eventually produced is a Class
I chemical present on the Inventory and so does not require notification under TSCA. Use of genetic
modifications involving enzymes from other genera means that the yeast strains engineered by Amyris
are considered intergeneric and are subject to reporting requirements. Overall, Amyris needs to submit
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MCANs for its microorganisms and a PMN for farnesane, though it appears that no PMN is necessary for
farnesene.

Figure 16: trans-β-Farnesene

Figure 17: Conversion of sugar to farnesene by Amyris’ 1st generation engineered yeast strains
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Figure 18: Conversion of farnesene to farnesane by hydrogenation

Manufacturing Class II chemicals listed on the Inventory; non-engineered
engineered microorganisms used
Buckman International
Buckman, a manufacturer of specialty chemicals on the global scale headquartered in Memphis,
TN,59 uses fermentation to produce cellulase enzymes not previously sold commercially for the pulp and
paper industry. Buckman’s final products, aqueous solutions of its manufactured cellulases, are
trademarked Maximyze®. The defining characteristic of cellulase enzymes is that they catalyze cellulose
hydrolysis. Buckman’s goal was to select specif
specific
ic cellulases that modify, rather than destroy, cellulose
fiber in the paper manufacturing process. Sought
Sought-after
after enzymatic modifications included an increase in
the number of fibrils (parts of cellulose semi
semi-separated
separated from the fiber), so as to raise the amount
am
of
surface area available for cellulose fiber bonding, and a decrease in the amount of cellulose fiber
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required. On identifying its desired enzymes, Buckman developed a means of generating them from
selected organisms via fermentation. Only natural nutrients and buffers are added to aid in the
fermentation process; no genetic engineering is involved.60
While at first Buckman’s cellulase enzymes may seem reportable, as this is the first time these
specific enzymes are being used for commercial purposes, Buckman may be able to rely on the listing
“Cellulase, CAS registry number 9012-54-8”, referring to enzymes which catalyze cellulose hydrolysis,
which is already on the Inventory.29 No genetic modifications are performed on the microorganisms
used in the fermentation process, and so they are not considered intergeneric and reporting is not
required. Buckman therefore likely does not need to submit either a PMN for its manufactured enzymes
or a MCAN for its microorganisms.

Figure 19: Cellulase enzyme structure (example)
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Figure 20: Enzyme
Enzyme-catalyzed cellulose hydrolysis (example)

Figure 21: Cellulose fibers refined after being treated with Maximyze® (a) and refined with no enzyme
treatment (b). More fibrils connect adjacent cellulose fibers when Maximyze® is used, resulting in
stronger bonding.
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Manufacturing Class II chemicals not listed on the Inventory; no microorganisms used
Cargill
Cargill, a global agribusiness firm headquartered in Minneapolis, MN that ranks as the largest
privately-owned company in America,61 uses soybean oil to produce polyols patented under the name
BiOH®.62 The company’s process consists of two steps: first, the soybean oil is converted to epoxide
derivatives by adding a peroxyacid in solvent to the soybean oil, and second, the epoxidized soybean oil
is converted to the desired polyols via a proprietary hydroxylation method. Any excess reactants are
recycled for further use in the process.63,64 The reaction is performed in consecutive steps without
pausing to purify the epoxide intermediate. The intermediate is removed from the vessel in which it is
made, however, and added to a mixture containing an alcohol, water, and a catalytic amount of
fluoroboric acid so as to perform the hydroxylation.64
The soybean oil-based polyols manufactured by Cargill are Class II chemicals that appear to have
not been listed on the Inventory prior to Cargill’s production of them;29,63 as such, Cargill was likely
required to submit PMNs before beginning commercial production. While excess reactants are used in
further chemical production, the reactants are all chemicals listed on the Inventory (if not, Cargill would
have needed to submit PMNs for them before using them for manufacture), and so their recovery and
reuse does not need to be reported under TSCA. On the other hand, the intermediate epoxide soybean
oil derivatives are isolated from the reaction and therefore are subject to TSCA reporting requirements.
The overall process involves no microorganisms, so a MCAN is not necessary. In sum, Cargill is expected
to have needed to submit PMNS regarding both its BiOH® polyols and the intermediate epoxidized
soybean oil, but none regarding reactants recycled from the reaction.
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Figure 22: BiOH® polyol (example)

Figure 23: Flexible polyurethane foam produced from BiOH® polyols

Figure 24: Chair made using flexible foam produced from BiOH® polyols
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Yulex
Yulex, from Arizona, is aiming to generate replacements for tropical- and petroleum-based
rubber products by using the guayule plant (Parthenium argentatum) as a feedstock to manufacture
biomaterials that act like rubber. Crop science, involving a method of plant modification known as
molecular breeding, is first applied to the guayule shrub so as to raise its “biorubber” output.65
Molecular breeding consists of targeting plant offspring with specific genetic markers so as to breed a
crop with the desired characteristics without modifying any genes.66 On generation of an optimal
guayule cultivar, Yulex carries out a proprietary method of aqueous extraction, licensed from the United
States Department of Agriculture (USDA), to isolate the latex from the shrub. Guayule biomass is
chopped into pieces; the rubber-containing stems are separated out and milled in water to create a
slurry of rubber particles; the plant fibers are separated and a rubber rich liquid formed by pressing the
milled stem; the liquid is centrifuged to concentrate and purify it into a biorubber emulsion, which can
undergo further treatment to create solid biorubber polymers. Yulex markets both the emulsions and
the resulting polymers. The company applies materials science to both products to create various
formulations and an array of open and closed cell foams, which are the final biorubbers sold to
customers.65 Any residual biomass is used as a feedstock for renewable energy; currently, leftover
guayule sold by Yulex fuels two power generation facilities in Arizona. In addition, Yulex may use the
residue to produce construction materials such as particle board and as a base for fertilizers.67 The
company aspires to power its entire production facility using only guayule residue, though this goal has
not yet been achieved.68
The guayule-based polymers manufactured by Yulex are considered Class II chemicals, since the
monomer compounds extracted from guayule would be labelled Class II UVCB molecules, and do not
appear to be listed on the Inventory.29 While Yulex does modify organisms as part of its production
process, the modifications do not affect any genes. Regardless of the level of genetic modification, TSCA
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does not apply to Yulex’s guayule shrubs because organisms larger than the micro scale are currently
not regulated
ted by TSCA. The USDA’s Animal and Plant Health Inspection Service is responsible for
regulation of the shrubs, as they are used for a purpose unrelated to pesticides, food, drugs, or
cosmetics and therefore fall under the jurisdiction of the Plant Protect
Protection
ion Act. The biomass residue from
Yulex’s production process would also be exempt from TSCA reporting, as long as Yulex uses it only for
powering the company’s own manufacturing facility. Currently, though, the residue is sold as a power
source and may be used as a component in construction materials and fertilizers, both categorized as
commercial uses. As a result, Yulex likely needs to submit PMNs for its polymers, the emulsions, and the
biomass residue. The requirement for a MCAN does not apply, however, as Yulex is using a life form
higher than a microorganism in production.

Figure 25: Yulex’s guayule crops

Figure 26
26: Yulex’s production process
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Figure 27: Wetsuit made using Yulex’s guayule biorubber

Codexis
California-based Codexis is a producer of customized biocatalysts, using proprietary directed
evolution technologies to develop enzymes to meet a customer’s specific requirements.69 Codexis first
identifies an initial enzyme that shows some activity reflective of the desired function. The company
then mutagenizes a gene encoding the enzyme to create “‘libraries’ of mutants”70 and carries out high
throughput screening of these libraries under settings similar to those of the proposed manufacturing
process. Mutants that show improvement from the original enzyme are selected for further evolution.
Finally, semisynthetic DNA shuffling is used to recombine the genes of improved mutants in vitro (in
laboratory vessels rather than in an organism71), creating next generation libraries that can be screened
for enzymes showing still more enrichment in the desired properties.70 This last step is directed by the
company’s ProSAR® multivariate statistical analysis technology,72 which uses information on the
sequence and activity of existing mutant enzymes to rank individual mutations by their beneficial
contribution to performance.73 Codexis also makes use of in silico homology modelling to hypothesize
the structure of the starting enzyme should it be unavailable, enabling prediction of the effect of
structural mutations such as changes in placement of the active site.72 The overall production process is
based on recombination-based directed evolution in contrast to traditional asexual methods of
generating mutants.70
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The enzymes Codexis produces may not be listed on the Inventory; they are engineered to
catalyze specific reactions and so would likely not be encompassed in one of the existing generic
functional definitions. Each enzyme that is used for a TSCA purpose may therefore be considered a new
chemical substance. Enzymes used to make pharmaceutical intermediates, however, would be subject
to the FFDCA and therefore not require TSCA notification. No microorganisms are used in
manufacturing; specific enzymes are evolved in vitro rather than produced from a modified yeast or
bacteria. The result is that each customized enzyme most likely requires a PMN submission from
Codexis, though no MCAN for microorganisms is necessary.

Figure 28: Previous manufacturing procedures for hydroxynitrile (A, B, C,) and the procedure using
Codexis-engineered enzyme biocatalysts (D). The Codexis procedure involves fewer steps and less
extreme conditions.
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Figure 29: Ribbon representation of a Codexis-engineered biocatalyst subunit backbone (teal). The
substrate (green) and cofactor (blue) are bound to the active site. Highlighted side chains (white) are the
amino acids that have been mutated from the wild-type enzyme.

Figure 30: Testing of mutants in semisynthetic combinatorial libraries by Codexis. ProSAR® is used to
determine whether a mutant should be kept, eliminated, or re-tested as part of another library.
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Manufacturing Class II chemicals not listed on the Inventory; engineered intergeneric microorganisms
used
Solazyme
Solazyme, like Codexis, is a California-based company that creates customized products – in this
case, triglyceride oils tailored to a customer’s needs. The company produces these oils by fermentation
using genetically engineered microalgae. Solazyme’s proprietary microalgae strains are heterotrophic,74
meaning they do not use sunlight for energy; rather, they rely on carbohydrates produced by other
organisms75 in a process referred to as “indirect photosynthesis.”74 Solazyme creates its strains by
inserting higher order plant genes involved in oil production, mainly those that code for enzymes in the
fatty acid and triacylglycerol biosynthetic pathways, into unicellular microalgae. The combination of the
efficient oil production pathway naturally present in microalgae and expression of the wide variety of
genes in oil-producing plants allows the company to manufacture thousands of distinctive oils. Solazyme
leaves the oil production pathway unmodified in its algae strains, but does engineer both the front end
of the central metabolic pathway and the back end of the fatty acid pathway; the former so the algae
can utilize sugars from a diversity of plant sources, the latter so as to allow selection for particular
proportions and properties in the oil product. Chain length, saturation level, and functional group
placement are the main characteristics that can be controlled by Solazyme. The company’s products
consist both of algae oils that chemically mimic existing oils, such as soybean and canola oil, and oils that
are entirely novel.74
The use of source-based nomenclature in defining chemicals derived from a single plant or
animal source on the Inventory means that all of Solazyme’s algae oils, both those that are novel and
those that are mimics, likely constitute new chemicals under TSCA. Even if an algal oil is chemically
identical to a listed chemical compound, the two are not necessarily considered equivalent if a natural
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source descriptor is used for the existing compound. For example, Solazyme may manufacture an oil
with the same chemical makeup as soybean oil, but the two would have different Inventory definitions
since soybean oil is defined as extractives from the soybean plant and Solazyme’s equivalent is produced
from fermentation by microalgae. Solazyme creates its algae strains by inserting plant genes into
microalgae; its genetic engineering is thus considered intergeneric modification. In sum, it appears that
Solazyme must submit MCANs for its microalgae strains, PMNs for its chemically unique oils, and PMNs
for any of its oils chemically identical to incumbent ones should the listed oil be defined by its source.

Figure 31: Solazyme’s oil production process
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Figure 32:: Engineered oil pathway in Solazyme’s microalgae (basic overview)

Figure 33:: Oil chara
characteristics that can be changed by Solazyme
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SECTION 2: The Lecture
To assess the effect of combining TSCA instruction with an introduction to green chemistry, a
lecture addressing both concepts was developed and delivered to an undergraduate organic chemistry
laboratory class at the University of Connecticut (UConn) in November 2014. Students were then given a
post-lecture survey to fill out. The lecture’s components, specifics on the class it was delivered in, and
the results of the survey are described below.

An undergraduate lecture on TSCA: The contents
The lecture, a 35-40 minute PowerPoint presentation entitled “Green Chemistry and the Toxic
Substances Control Act,” consists of five main parts. First, an introduction to green chemistry; second,
an introduction to TSCA; third, a discussion of the parts of TSCA that most specifically relate to green
chemistry; fourth, in-class student analysis of case studies of green chemistry companies; and fifth, a
brief summary of the main points of the lecture. A copy of the lecture is included under supporting
information.
Green chemistry is presented first because it is a simpler, broader concept than TSCA, and one
likely more interesting to students. While TSCA consists of a series of intricate rules and regulations
applying to many different scenarios, green chemistry is centered on just one idea: decreasing
hazardous waste used and produced in chemical products and processes, or “source reduction.” In
addition, the philosophy of green chemistry can be applied to all types of chemistry, including research
performed in academia, rather than mainly addressing chemistry related to commercial production.
Green chemistry may also be viewed as a new, innovative concept, causing students to want to know
more about it and therefore pay more attention to the lecture. The official definition of green chemistry
and the breadth of its applications is first explained, followed by a brief mention of the 12 principles of
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green chemistry. Only a short overview is given so as to avoid overloading the students with information
beyond what they are able to assimilate in one sitting. Since the 12 principles are all applications of the
idea of green chemistry, not new ideas in of themselves, and the main focus of the lecture is to convey
information on TSCA, an individual explanation of each principle was considered to be extraneous. To
close the section, the main idea of green chemistry is explained as performing sustainable chemistry via
source reduction, leaving students with green chemistry’s core concept fresh in their minds. Introducing
students to green chemistry prior to TSCA can both stimulate student interest in the lecture, through
presenting them with a fresh concept that many can connect to their possible future work, and prep
students for understanding information about TSCA, through easing them into learning with the
introduction of just one idea they can use to relate TSCA requirements back to later on.
Green chemistry’s emphasis on eliminating hazardous chemicals is used to segue into an
introduction to TSCA. Students are asked to say what hazardous chemicals they believe are being
generated in the U.S.; a few examples are listed in the lecture, from the well-known (asbestos, bisphenol
A) to the less familiar (polybrominated diphenyl ethers, chlorofluorocarbons). TSCA, the “Toxic
Substances Control Act of 1976,” is then introduced as the legislation by which chemicals are regulated
in the U.S. An overview of TSCA’s major requirement (cataloguing chemicals), the Inventory on which
chemicals are listed, the scope of TSCA’s regulations, and the agency which enforces them is given. To
follow, TSCA’s specific purpose, as both regulatory and informative, is defined. Throughout these
explanations, it is stressed that TSCA applies to all chemicals, not just ones considered toxic. After
outlining what TSCA is, the key reasons why TSCA matters to the students are stated: chemists who fail
to meet reporting requirements can lose their jobs, have their company go bankrupt from massive fines,
and even end up in jail. A connection between learning about TSCA and green chemistry is drawn
through explaining that green chemists need to pay particularly close attention to TSCA, as there are
specific requirements related to biomass and biotechnology, both of which are often used in green
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chemistry techniques. The details of chemical classification under TSCA are then addressed. Differences
in “existing’ vs. “new” and “Class I” vs. “Class II” chemical substances are explained, along with the
definition of a PMN and when submission of one is required. A brief overview of exemptions to TSCA
follows. The listing of exemptions was kept short to avoid overloading students with information; given
the dearth of TSCA violations in industry today, it was considered more important that students
understand what they may be responsible for reporting than ways they can avoid the requirements. By
emphasizing that TSCA does not only refer to toxic chemicals and listing the ways that TSCA violations
can hurt chemists, the lecture shows that TSCA, too, has broad applicability to students’ future work, as
well as conveying important information on TSCA by explaining its core provisions and definitions.
After describing the generic ways TSCA categorizes chemicals, the lecture relates TSCA back to
green chemistry by detailing particular TSCA policies that pertain to biomass and biotechnology.
Specifically, the natural source-based nomenclature system for carbon chains, regulation of
microorganisms, and rules regarding enzymes are discussed. Natural source-based nomenclature was
selected because it applies to all substances sourced from a single plant or animal, so it is especially
relevant to producers that use biomass to produce carbon chain molecules. Emphasis is put on the fact
that this method names carbon chains by source, not chemical composition. The Inventory listing for
soybean oil is included in the lecture as an example. Regulation of microorganisms is discussed next, as
the exploitation of microorganisms to produce chemicals is a major part of the use of biotechnology in
the chemical industry. The difference in requirements for “intergeneric” vs. “intrageneric” and “naturally
occurring” microorganisms is clarified, along with the definition of a MCAN. It is explained that higher
life forms are regulated by federal laws other than TSCA. Rules regarding enzymes are then covered,
since the use of enzymes is also a critical component of many biotech processes in the chemical
industry. The Inventory listing for proteinase is used to illustrate the broadness of enzyme definitions
under TSCA. It is noted that the EPA is in the process of developing new rules for enzyme nomenclature,
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so as to better differentiate between enzymes, but that these rules are far from reaching legal
implementation and so the existing broad definitions currently still apply. Explanations of how TSCA
requirements may apply to innovative green chemistry processes provide students with specific
information they use later on in the lecture to analyze various company cases, raise their overall
knowledge of TSCA, and can maintain student engagement through showing how bland legal definitions
can affect the simple but ground-breaking idea they learned about earlier.
To give students practical experience in applying TSCA to specific situations, two case studies
involving companies that use green chemistry processes follow the lecture’s discussion of TSCA’s
biomass and biotechnology applications. For each company, an explanation of why the company’s
innovation is considered green chemistry is given, followed by a detailed look at the technology involved
in the production process. The use of green chemistry companies allows students to see how the core
idea of source reduction is implemented in practice. Further, describing new technologies used by
industry in green chemistry applications can boost student interest in green chemistry by highlighting
some of the innovations related to it, as well as giving students information necessary to assess each
company’s TSCA requirements. To close each case study, students are asked whether the company
needs to submit a PMN or an MCAN and to explain their reasoning when giving the answer. The student
participation involved in this section allows an instructor to assess the level of understanding students
appear to have of TSCA during the lecture and correct misconceptions before they have time to solidify
in students’ minds. Companies whose reporting requirements under TSCA fall at opposite ends of the
spectrum are used for the case studies so that students will need to refer to several different aspects of
TSCA in their analyses. The first case study examines Virent, Inc., a company which produces para-xylene
from plant sugars via a series of catalytic reactions using technology known as Aqueous Phase Reforming
(APR). para-Xylene is a Class I chemical already listed on the Inventory to which natural source-based
nomenclature does not apply, since the Inventory listing refers to a molecule sourced from petroleum
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rather than a single plant or animal source, so Virent’s use of biomass as a feedstock rather than
petroleum does not change the identity of the product; in addition, no microorganisms are used during
its process. Virent therefore needs to submit neither a PMN nor a MCAN. A clear contrast is provided by
the second case study, which examines Solazyme, Inc., a company that produces customized oils from
the fermentation of genetically engineered microalgae strains. The oils both chemically mimic existing
ones and are entirely novel creations. Natural source-based nomenclature applies to the existing oils,
which are Class II chemicals listed on the Inventory, as the Inventory listings refer to oils produced from
specific plant and animal sources, including soybean plants, coconuts, and oil palms. Solazyme’s novel
oils are Class II chemicals not listed on the Inventory. The microorganisms used by Solazyme have
undergone intergeneric engineering; oil-producing genes from higher-order plants were inserted into
microalgae to create Solazyme’s strains. Solazyme therefore needs to submit PMNs, both for its oils
which are chemical mimics and for its novel creations, and MCANs, for its microalgae strains. The use of
Solazyme and Virent as two contrasting cases helps students cement their grasp of TSCA by letting them
practice a variety of the concepts just learnt, allows for early correction of misconceptions, can raise
student understanding and excitement about green chemistry through increasing their awareness of
associated new technologies, and demonstrates the wide range of requirements, from none at all to the
extremely complex, that companies may face under TSCA.
The lecture concludes with a single slide used to remind students of the basic concepts
discussed. The core ideas of green chemistry and TSCA are restated, as well as the technological
processes and resulting TSCA requirements of Virent and Solazyme. Students thereby leave the lecture
with at least a general notion of each concept, if not full retention of some of the more specific bits of
information. Overall, by using green chemistry as a base for students to contextualize the nuances of
TSCA and asking students to analyze case studies of companies at the forefront of technology
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development, the lecture conveys a conceptual understanding of both TSCA and green chemistry and
develops student problem-solving skills, while also raising the interest of students in both subjects.

Situation specifics: The class and the students
The lecture was delivered as part of the fall 2014 Organic Chemistry Laboratory course at the
UConn (CHEM 2445)76. This course is not only required for all chemistry majors,77 but also needed by
students pursuing the pre-medical track78 and for certain non-chemistry science degrees, such as
Structural Biology79; in addition, some science degrees, such as Molecular and Cell Biology, include
Organic Chemistry Laboratory in their requirements as a related course that it is suggested students
take80. While most take the course their sophomore year, students may take the class at any point in
their college career, as it is not part of a strict sequence. The requirements for enrollment, that students
have taken or are currently taking the second semester of organic chemistry, are low enough that it is
possible for advanced freshmen to take the class. At the opposite end of the spectrum, seniors who
have not yet completed their Organic Chemistry Laboratory requirement or recently switched to a major
that asks for it may also be enrolled. The particular demographics of the fall 2014 course consisted of,
out of a total enrollment of 120 students, 35 chemistry majors, the remainder being other science
majors who needed to complete the class for their degrees. Primarily, those enrolled were sophomores,
but freshmen, sophomores, and seniors were also present.
The variety of years and science majors represented in the Organic Chemistry Laboratory course
allows the information on TSCA to reach a wider range of students than if the lecture was delivered as
part of a more chemistry-specific course. Students with no intention of becoming chemists, such as
those studying biology or medicine, but who may yet go on to work for a chemical company subject to
TSCA, and chemistry majors who have not yet decided on a career path, such as incoming freshman, are
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thus exposed to reporting requirements, in addition to those who already plan a future in the chemical
industry. Including a lecture on TSCA as a part of the Organic Chemistry Laboratory course lets both
those students who intend to work in industrial chemistry and those who are uncertain, as well as those
who may indirectly encounter TSCA as part of a future job, be exposed to the material, raising the
likelihood that undergraduates entering the job market will have some knowledge of TSCA before
joining industry.
In addition to having the advantage of a wide range of student enrollment, the Organic
Chemistry Laboratory course is considered a good choice for a lecture on TSCA and green chemistry
because of its laboratory component. Students in the class have directly experienced, or are
experiencing, working with chemicals and laboratory equipment to perform chemical syntheses. The
reactions carried out may simply be outdated versions of ones currently performed in industry, and the
techniques learned, such as reflux and recrystallization, are often identical, excepting that much lowerquality equipment is generally used in classroom laboratory work. Students are thus better equipped to
understand discussions of how to adjust laboratory procedure to make a reaction fall under the
umbrella of green chemistry. Having performed similar processes themselves, or sought to synthesize
related products, students will also likely be more interested in and appreciative of the innovation
behind the green chemistry technologies utilized by the companies analyzed. Delivering a lecture on
TSCA and green chemistry to a group of students who are currently experiencing laboratory research
makes it more likely that students will grasp the concepts presented and be engaged with the lecture, as
experiences they can readily relate green chemistry ideas to will be fresh in their minds.
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Caveats
A set of caveats is needed before embarking on a discussion of the results of the lecture
delivery. First, this lecture has only been given once. The effects of its delivery assessed in this thesis are
those on just one set of students in one class, and may or may not accurately reflect the information
retention, interest level, etc. of undergraduate science majors in general, or even undergraduate science
majors at UConn. Delivery to a single class was intentional; the aim was to give the lecture a test run and
determine whether there was any noticeable impact on students. The test run allows this thesis to
gauge whether the lecture is worth implementing more permanently and what adjustments need to be
made. A deeper analysis, however, would include delivery of the lecture to more Organic Chemistry
Laboratory classes (the spring section, for example), to increase sample size. Second, students were
given only a post-lecture survey, not a pre-lecture one. This makes it difficult to judge to what extent the
lecture itself was responsible for increasing knowledge and interest in green chemistry and TSCA. Time
constraints due to class length kept it from being feasible for students to fill out two questionnaires and
also experience the full lecture. While a pre-lecture survey could have been handed out in the class prior
to the lecture, there was no guarantee that the students who filled out that survey would be the same
as those who actually attended the lecture. To ensure that enough time was available to deliver the
entire lecture and avoid a potential mismatch of students between surveys, only a post-lecture
questionnaire was given. A more accurate assessment would include both a pre- and post-lecture survey
to minimize the likelihood of extraneous variables impacting student responses. To produce stronger
results, a fuller version of this thesis’ analysis could include giving the lecture to more sections of the
Organic Chemistry Laboratory course and having the same set of students who attend the lecture fill out
both a pre- and post-lecture questionnaire.
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Evaluation
A post-lecture questionnaire, or exit survey, was used to assess the effects of the lecture on
students. The survey consisted of nine questions: six asked students to check a box for Yes/No, two
asked for a one-sentence definition, and one asked students to check a Yes/No box and then explain
their answer. The length was kept short, at just one page, so as to encourage students to fill out the
entire questionnaire and spend time thinking about their answers rather than rushing through. A copy
of the survey is included under supporting information.
The survey questions focused on identifying student awareness of green chemistry and TSCA
before the lecture and their understanding and interest in these concepts afterwards. For example,
questions 1 and 2 ask students whether they had heard of “Green Chemistry” and “TSCA” before the
lecture. Questions 3 and 4 ask students to define each of those concepts, to gauge whether a student
has grasped the concept’s core idea or not. A two-tailed Fisher’s Exact Test was used to determine
whether there was a statistically significant difference between the proportion of students who gave
accurate definitions and had previously heard of green chemistry and TSCA and the proportion of those
who had not. The remaining five questions address student interest levels for green chemistry and TSCA.
Question 5 refers to TSCA; students are asked if they think TSCA matters to them. Questions 6 and 7
refer to green chemistry; students are asked whether they were aware of new technologies, such as
those mentioned in the case studies, used by the chemical industry, and whether they would consider a
career with a green chemistry company more desirable than one that used old techniques and, if so,
why. The last two questions aim to see whether students would be interested in learning more about
green chemistry and TSCA. Question 8 asks whether students think UConn should offer a course on
“Green Chemistry,” and question 9 asks whether UConn should offer one on “Government Chemical
Policy and Regulation.” The survey results regarding student grasp of the material and interest level are
summarized in tables 1 and 2, respectively.
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Table 1: Student understanding of green chemistry and TSCA (N=56)*

Correctly defined
“Green Chemistry”

Correctly defined
“TSCA”

Had heard of GC
before (N=32)
Number Percent

Had not heard of
GC before (N=24)
Number Percent

30**

23

100.0

Had heard of TSCA
before (N=18)
Number Percent
13
76.5

Two-tailed p-value
0.44

95.8

Had not heard of
TSCA before (N=38)
Number Percent
29***
78.4

Two-tailed p-value
0.74

*Only 56 out of 120 students attended class the day of the lecture.
** Two of the 32 who had heard of green chemistry before left the definition blank. These surveys were
discarded when calculating percentages and performing comparative statistical analyses.
*** One of the 38 who had not heard of TSCA before left the definition blank. This survey was discarded
when calculating percentages and performing comparative statistical analyses.

Table 2: Student interest level in green chemistry and TSCA (N=56)

Think TSCA matters to them
Aware of new technologies
Would consider a green chemistry career more
desirable
UConn should offer a Green Chemistry course
UConn should offer a Gov’t Policy and Reg. course

Number
55
24
46

Percent
98.2
42.8
82.1
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44

94.6
78.6
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Discussion
Nearly all students who attended the lecture demonstrated an understanding of the main ideas
of green chemistry and TSCA in the definitions they gave as part of the exit survey. There was no
significant difference between the proportion of students who defined green chemistry correctly and
had heard of it previously and the proportion of those who produced a correct definition and had not, as
found by Fisher’s Exact Test. Likewise, there was no significant difference between proportions of
correct definitions for those who had heard of TSCA and those who had not. The similarity in levels of
demonstrated understanding between groups indicates that the lecture was approximately as effective
as other methods of teaching green chemistry and TSCA. Students using only the lecture as a source of
information do not appear to have left the class any less aware of green chemistry and TSCA’s major
points than those who had background knowledge to rely on. A higher percentage of students in each
group (~100%) showed an understanding of the concept of green chemistry than those who successfully
defined TSCA (~75%), confirming the idea that, of the two, green chemistry is the easier subject to grasp.
Given the high level of understanding of green chemistry already demonstrated by those with prior
knowledge, a statistically significant rise in understanding would be nearly impossible to detect, and so
the lecture’s effect with regard to green chemistry is inconclusive. The same limitation does not apply to
TSCA, however. The lack of demonstration of significantly higher TSCA knowledge from those who had
not previously heard of the idea suggests that, while effective, the lecture does not improve on existing
methods of teaching this concept. A possible solution is to spend more time explaining TSCA, since
students clearly show greater difficulty with learning material on TSCA over that on green chemistry.
Encouragingly, exit survey results show that the lecture was at least as effective as other teaching
techniques at conveying information on green chemistry and TSCA, but its combining of the two does
not appear to have led to a significantly better student grasp of TSCA.
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Also demonstrated by nearly all students in the lecture was an understanding of TSCA’s
importance. Almost 100% of students put down that they thought TSCA mattered to them, suggesting
that the lecture successfully conveyed how TSCA reporting requirements can affect anyone who works
with chemicals on a commercial level, not just those who use hazardous materials, and that, regardless
of level of involvement with chemicals, everyone can benefit from using the TSCA Inventory as an
information source on what chemicals are used in the U.S. Since 55 of the 56 students thought TSCA
mattered, while only 18 had heard of it before, at least 37 students (66.1%) were entirely convinced of
TSCA’s importance by the lecture; the single student who thought TSCA did not matter had heard of it
previously. The lack of an entry survey question on TSCA’s importance to use as a comparison makes it
impossible to draw any firm conclusion about the lecture’s value for improving, as opposed to initiating,
student opinions on this subject, however. While the lecture appears to be effective at impressing upon
students the importance of TSCA, further testing is needed to determine whether it does a better job
than existing teaching methods.
One area where the lecture was undeniably successful at improving student knowledge is the
innovativeness and pioneering technologies of green chemistry companies. Less than half of students
were aware of new technologies used in the chemical industry, such as microalgae fermentation and
catalysis, before hearing them detailed in the lecture’s case studies. Knowledge of new technologies
seems to have a beneficial effect on student interest in green chemistry; when students were asked
whether they would consider a career with a company that uses green chemistry techniques more
desirable than one with a company that does not, green chemistry’s association with new technologies,
innovations, ideas, and change was the third most often cited reason for saying “yes” (21.7% of positive
responses). To draw a clearer connection between the lecture’s introduction of green chemistry
technology and interest in green chemistry, an entry survey question could be included in future
research that asks students whether they think innovation and new technologies are a major part of
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green chemistry; this would help assess the extent to which students associate these ideas with green
chemistry prior to the lecture. Based on this test run, inclusion of descriptions of innovative processes
and techniques used by green chemistry companies is a promising way to raise student interest in green
chemistry.
A career with a green chemistry company, rather than one with a company that uses old
techniques, was considered more desirable by a large majority of the students. While only 57.1% of
students had heard of green chemistry prior to the lecture, 82.1% said they would consider a green
chemistry career more desirable; thus, the lecture successfully convinced, at minimum, a quarter of the
students present of green chemistry’s value. As discussed above, the third most commonly cited reason
for this (21.7%) was that green chemistry involves new technologies, innovations, ideas, and change.
The top two reasons focused on human and environmental health. Most often, students listed benefits
to the environment as a reason for joining a green chemistry company (37.0%); a description of green
chemistry as “safer” was the reason second most commonly given (26.1%). The prevalence of references
to the environment and safety indicates that emphasizing how green chemistry is chemistry done with
no hazardous waste, thereby decreasing environmental harm and lowering the risk to humans, has the
potential to be strongly successful at stimulating student enthusiasm about green chemistry. A
description of pioneering processes used by companies performing green chemistry can also boost
enthusiasm, as discussed above. To more accurately assess changes in student interest, an entry survey
asking students a similarly-phrased question could be used in future research; for example, whether
students are particularly interested in working for a green chemistry company and, if so, why. Though
the lack of an entry survey makes it difficult to judge by how much existing student interest was raised,
the lecture’s focus on hazardous waste reduction as the core idea of green chemistry and its use of case
studies of companies using novel technologies is indicated to be a fruitful means of convincing students
with no prior-formed opinion of the desirability of green chemistry.
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Students seemed interested in learning more about both green chemistry and TSCA after
attending the lecture. Green chemistry in particular was indicated to be a subject of high curiosity, as
almost all students put down that they think UConn should offer a course on it. Creating a course on
government chemical policy and regulation (i.e. TSCA) was of lesser interest, but, as a substantial
portion of students (over three-fourths) did state that they wanted to see a course on that subject
offered, recognition of the importance of understanding TSCA and related regulations appears to be
present. All students who entered the lecture having never heard of green chemistry left believing that
UConn should offer a course on the subject, showing that the lecture was very effective at stimulating a
desire to know more about green chemistry. The lecture seems to have also clearly conveyed the
importance of TSCA, as a large majority of students left the lecture with the belief that UConn should
offer a course on government chemical policy while only a third had heard of TSCA before. Asking
identical questions on an entry survey would prove useful in terms of identifying the extent to which
student views towards the need for course offerings changed as a result of the lecture for those who
had prior exposure to green chemistry and TSCA. Despite being inadequate to definitively determine
whether the lecture was more effective at encouraging further student interest than existing teaching
methods, the questionnaire results clearly suggest that the lecture succeeded in attracting students with
no prior exposure to want to learn more about green chemistry and TSCA, or at least to appreciate the
importance of further instruction on these subjects.

Conclusions
An undergraduate lecture that combines an introduction to green chemistry with an explanation
of TSCA, as developed in this thesis, was found to be at least as successful as existing teaching methods
at raising student awareness and understanding of the two concepts. The lecture was effective at

59
inspiring students to view instruction on TSCA and other government chemical policy as important to
have, and still more effective at creating an understanding of the importance of, and a desire to learn
about, green chemistry. In particular, the lecture’s emphasis on a single core idea, ending hazardous
waste, as defining green chemistry and its discussion of new technologies used by green chemistry
companies as part of a series of case studies seem to have positively influenced student interest in the
subject. An increase in enthusiasm for green chemistry and belief in the importance of it and TSCA for
students with prior knowledge of the two subjects may also have been caused by the lecture, but the
lack of a pre-lecture questionnaire limits the ability of this thesis to draw any firm conclusions regarding
improvement. Overall, the lecture is shown to be an effective tool for stimulating undergraduate
understanding, interest, and appreciation of green chemistry and TSCA, though further testing is needed
to determine whether its specific combining of green chemistry with TSCA is significantly more
advantageous for student learning than existing methods of teaching TSCA.
Regardless of level of improvement, that the lecture is demonstrated to be at least as successful
at conveying information as existing TSCA teaching techniques means it may take a firm place as part of
the undergraduate curriculum. The necessity of increasing awareness among future chemists of the
chemical reporting requirements and hazard assessments that may be required before said chemists
enter the job market and are directly tasked with the responsibility cannot be overstated. Inclusion of an
explanation of green chemistry practices also benefits safety levels in the chemical industry.
Undergraduates become aware both of the legal requirements to keep track of and identify the
chemicals they synthesize and of ideas and processes they can apply to lower the risks related to these
syntheses. Beyond the impact on those students who will directly work as industrial chemists,
awareness of the major ways in which chemicals are regulated in the U.S. and of less hazardous means
of doing chemistry can result in a beneficial effect from any student whose future career involves
making decisions regarding chemicals. For example, a doctor selecting a pharmaceutical company to
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purchase drugs from may purposefully choose a company whose manufacturing processes involve fewer
risks to health and the environment, while a politician deciding which position to take on a debate over
hydraulic fracturing (“fracking”) may be inspired to initiate a broader discussion of U.S. chemical
legislation instead of ignoring all parts that don’t directly pertain to fracking. Raising the consciousness
of undergraduate students, both chemists and non-chemists, of green chemistry and TSCA is highly
desirable because it improves safety in the chemical industry and creates more informed decisionmakers.
The particular lecture on TSCA and green chemistry developed in this thesis can find wide use in
the undergraduate classroom because of its innate flexibility. As it consists of just one PowerPoint
presentation, the lecture can easily be integrated into an existing course as a ‘special class’ or as part of
a broader unit on a related topic (for example, chemical safety). A large share of course time is not
required, since, at 40 minutes long, the lecture only takes up one class period, so little to no information
is lost from the regular course. Especially considering that some colleges and universities limit the
number of courses allowed to be offered within each major, the lack of a need to create a new
chemistry course or set aside significant class time makes it more feasible for a broad array of schools to
introduce the ideas of green chemistry and TSCA to undergraduates. Instructors may also pick and
choose specific sections of the PowerPoint to incorporate into their existing lectures, or use the lecture
as a template to design their own TSCA-related presentations. The ease with which the lecture, or select
parts of it, may be incorporated into existing classes gives it extensive utility as a tool for conveying
information on chemical safety and TSCA reporting requirements.
This thesis sought to develop a readily-integrated undergraduate lecture that uses green
chemistry ideas to bourgeon and bolster student conceptualization of TSCA. The efficacy of the lecture
at apprising students of TSCA’s major points was clearly demonstrated, as was its ability to incite
enthusiasm for green chemistry. Still to be pursued is a research analysis that looks at the lecture’s level
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of improvement on existing teaching methods for TSCA. Delivering the lecture to more groups of
students, so as to increase sample size, and including a pre-lecture questionnaire, so as to have a
standard for comparison, are possible future directions for expanding research. The expectation is that
educators, once alerted to the need for further instruction on chemical safety and regulation, may both
use this lecture as a basis for incorporation of TSCA into the undergraduate curriculum and conduct
further research to refine its parts to fit their individual institutions. By providing a design of an
undergraduate lecture module which covers both TSCA and green chemistry and preliminary findings
regarding its success at stimulating student knowledge and interest, this thesis hopes to inspire a
discussion among educators of ways to best seed information on TSCA and its importance in
undergraduates, resulting in improved education on chemical safety.
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